Introduction {#sec1}
============

Lung cancer is the leading cause of cancer-associated mortality worldwide, of which more than 80% cases are non-small-cell lung cancer (NSCLC).[@bib1] Despite the sustained breakthroughs in the clinical diagnosis and treatment of lung cancer, mortality rates continue to rise. Approximately 154,050 patients died from lung cancer in 2018, which represents 25.27% of all cancer-related mortality, and the overall 5-year survival rate of patients with lung cancer remains poor, at less than 20%.[@bib2], [@bib3] Thus, investigation of the NSCLC-associated process is urgent for NSCLC diagnosis and treatment.

As primarily non-coding RNAs, including circular RNAs (circRNAs), play an important role in the regulation of oncogenesis. circRNAs are formed by backsplicing events that involve a downstream 3′ splice donor site joining an upstream 5′ splice acceptor site in the primary transcript.[@bib4], [@bib5] The circular covalently bonded structure means that they do not have a 5′-to-3′ polarity or poly(A) tail, which endows them with a higher tolerance to exonucleases.[@bib6] It has been found that many circRNAs originate from protein-coding genes. Due to their conservation, abundance, and specificity, circRNAs participate in a diverse number of physiological and pathological processes, including tumorigenesis.[@bib6] Moreover, circRNAs are involved in gene regulation by serving as microRNA (miRNA) sponges.[@bib7] Some circRNAs are derived from single or multiple exons and are detected in the cytoplasm, where they serve as miRNA sponges.[@bib7], [@bib8], [@bib9], [@bib10] Recently, it has been reported that circABCB10 expression in NSCLC cell lines is increased. Moreover, the downregulation of circABCB10 suppressed NSCLC cell proliferation and migration by promoting miR-1252 expression and suppressing Forkhead box 2 (FOXR2).[@bib11] In addition, F-circEA-2a, the circRNA derived from the EML4-ALK fusion gene, promotes cellular migration and invasion in NSCLC.[@bib12] Although the involvement of some circRNAs has been reported in lung cancer, research into the biological function and regulatory mechanisms of circRNAs in lung cancer remains poorly understood. Therefore, the regulatory mechanisms of circRNAs in cancer must be extensively validated.

In the present study, we analyzed the expression profile of circRNAs in NSCLC and identified circARHGAP10 to be significantly increased in NSCLC tissues and closely related to the prognosis of NSCLC patients. In addition, we found that circARHGAP10 may function as a sponge of the antioncogene, miR-150-5p, to promote GLUT-1 expression and, consequently, promote NSCLC progression. Therefore, increased circARHGAP10 may serve as a biomarker for predicating prognosis as well as a potential therapeutic target for NSCLC patients.

Results {#sec2}
=======

Differential circRNA Expression Patterns in Human NSCLC and Adjacent Normal Tissues {#sec2.1}
-----------------------------------------------------------------------------------

To identify the relationship between abnormal circRNA expression and the progression of NSCLC, RNA sequencing (RNA-seq) analyses of rRNA-depleted total RNA were performed on six tissue samples (including three NSCLC tissues and three adjacent normal tissues). Scatterplots were used to evaluate the differential expression of circRNAs between NSCLC tissues and the matched non-tumor tissues. The results revealed that 1,067 circRNAs were upregulated and 1,094 circRNAs were downregulated ([Figure 1](#fig1){ref-type="fig"}A). Differentially expressed circRNAs between cancer tissues and para-carcinoma tissues were identified through volcano plot filtering. The results showed that only 22 circRNAs were upregulated and 23 circRNAs were downregulated ([Figure 1](#fig1){ref-type="fig"}B). In our study, the sequencing results revealed that the expression of 2,991 circRNAs did not significantly change between the normal and tumor tissues, and the majority of the identified circRNAs consisted of fewer than 1,500 nt ([Figure 1](#fig1){ref-type="fig"}C). The results also revealed that there were different circRNA expression patterns between the tumor tissues and the matched non-tumor tissues ([Figure 1](#fig1){ref-type="fig"}D). Then, five circRNAs (hsa_circ_0008975, hsa_circ_0001421, hsa_circ_0008133, hsa_circ_0000042, and hsa_circ_0005082) with significantly upregulated expression were selected for quantitative real-time RT-PCR analysis using 16--23 NSCLC and adjacent normal tissues. The results show that the expression of all selected circRNAs from the upregulated groups (hsa_circ_0008975, hsa_circ_0001421, hsa_circ_0008133, hsa_circ_0000042, and hsa_circ_0005082) were increased in NSCLC when compared with the matched non-tumor tissues (increased 2.3, 1.9, 1.88, 1.67, and 2.0 times, respectively), which was consistent with the RNA-seq results ([Figures 1](#fig1){ref-type="fig"}E--1I).Figure 1The Differential Expression of circRNA in NSCLC(A) Scatterplots used to evaluate the differential expression of circRNAs between NSCLC tissues and the matched non-tumor tissues. (B) Volcano plots used to visualize the differential expression between two different groups; x axis, log~2~ ratio of the level of circRNA expression between normal and tumor tissues; y axis, the false discovery rate value (−log~10~ transformed) of the circRNAs. (C) Length distribution of the identified circRNAs; x axis, the length of the circRNAs detected in this study; y axis, the abundance of circRNAs classified by different lengths. (D) Heatmap of all the differentially expressed circRNAs between normal and tumor tissues. (E--I) Relative expressions of the five indicated circRNAs (hsa_circ_0008975, E; hsa_circ_0001421, F; hsa_circ_0008133, G; hsa_circ_0000042 (H); and hsa_circ_0005082, I) from 16 NSCLC tumor tissues and adjacent non-tumor tissues are listed as measured by qRT-PCR. The data are presented as the mean ± SD. \*p \< 0.05; \*\*p \< 0.01. N, non-tumor tissues; T, tumor tissues.

The High Expression of circARHGAP10 in NSCLC Is Correlated with a Poorer Prognosis {#sec2.2}
----------------------------------------------------------------------------------

Among these specific candidates, hsa_circ_0008975, which was formed by circularization of the exon of the ARHGAP10 gene, attracted our attention. The qRT-PCR detection results showed that the expression of hsa_circ_0008975 was significantly increased in the NSCLC cell lines A549, PC9, H1299, H1975, and H1650 when compared with the normal lung epithelial cells (BEAS-2B cells) ([Figure 2](#fig2){ref-type="fig"}A). Cell-cycle analyses by flow cytometry performed on A549 cells showed that a knockdown of hsa_circ_0008975 caused a mild cell-cycle arrest in the G0/G1 phase by almost 8% ([Figure 2](#fig2){ref-type="fig"}B). This finding suggested that hsa_circ_0008975 plays a role in the progression of NSCLC. Moreover, hsa_circ_0008975 is derived from circularizing two exons of the *ARHGAP10* gene, which was located at chr4:148800382-148803083. ARHGAP10 consists of 2,701 bp, and the spliced mature circRNA is 202 bp ([Figure 2](#fig2){ref-type="fig"}C); thus, hsa_circ_0008975 was termed circARHGAP10. In order to further identify whether circARHGAP10 was circRNA, agarose gel electrophoresis was used. The results show that the target segment of circARHGAP10 can be amplified regardless of RNase R treatment. However, linear RNA disappeared after treatment with RNase R ([Figure S2](#mmc1){ref-type="supplementary-material"}). This suggested that circARHGAP10 was circRNA. We selected 92 pairs of human NSCLC and adjacent normal tissues for an ARHGAP10 fluorescence *in situ* hybridization (FISH) assay, which demonstrated that circARHGAP10 was predominately localized to the cytoplasm ([Figure 2](#fig2){ref-type="fig"}D). These results also show that the expression of circARHGAP1 was increased in human NSCLC tissues compared to the adjacent normal tissues. The samples were divided into relatively high (above the adjacent normal tissues; n = 50) and relatively low (below the adjacent normal tissues; n = 42) levels of expression. No relationship between circARHGAP1 expression and the clinical factors, including sex (male and female), patient age (≤ 60 years and \> 60 years), lymph node metastasis (negative and positive), tumor node metastasis (TNM) stage (I/II or III/IV, high), or tumor size (≤ 3 cm, \> 3 cm) was found in our study ([Table 1](#tbl1){ref-type="table"}). Furthermore, the Gehan-Breslow-Wilcoxon test survival curves showed that NSCLC patients with high circARHGAP1 expression in NSCLC exhibited poor overall survival ([Figure 2](#fig2){ref-type="fig"}E). These results suggest that the expression of circARHGAP1 plays an important role in the progression of NSCLC.Figure 2Expression of circARHGAP10 in NSCLC Correlates with Patient Prognosis(A) RT-PCR detection of circPIP5K1A expression in A549, PC9, H1299, H1975, H1650, and the normal lung epithelial cells, BEAS-2B. Data are presented as the mean ± SD. \*\*\*p \< 0.001 versus the normal group. (B) Representative results showing the percentage of cells in G1, S, or G2 phase in A549 cells by flow cytometry. (C) The genomic loci of the *ARHGAP10* gene and circARHGAP10. The red arrow indicates back-splicing. (D) The expression of circARHGAP10 in NSCLC was analyzed using *in situ* hybridization on an NSCLC tissue chip (92 cases). (E) The prognostic significance of circMTO1 expression for NSCLC patients was determined with FISH values, using the median value as the cutoff. The observation time was 60 months. N, non-tumor tissues; T, tumor tissues.Table 1The Clinical-Pathological Factors of 92 NSCLC PatientsCharacteristicNumbersExpression of circRNA ARHGAP10Low (n = 42)High (n = 50)**Sex**Male502030Female422220**Age**≤60392118\>60532132**TNM Stages**I and II572928III and IV351322**Lymph Node Metastasis**Negative562828Positive361422**Tumor Size**≤3 cm482424\>3 cm441826[^1]

Knockdown of circARHGAP10 Suppressed the Proliferation of NSCLC Cells {#sec2.3}
---------------------------------------------------------------------

To identify the relationship between circARHGAP10 and the proliferation of NSCLC cells, A549 and H1650 cells were used. Detection with qRT-PCR found that the expression of circARHGAP10 was decreased significantly after transfection with small interfering RNA (siRNA) against circARHGAP10 (sicircARHGAP10) in both A549 and H1650 cells compared with the negative control (NC) group ([Figure 3](#fig3){ref-type="fig"}A). This suggests that sicircARHGAP10 cells can be used for further study. Cancer cells metabolically exert the Warburg effect, which is characterized by the preferential consumption of glucose for energy under aerobic conditions rather than mitochondrial oxidative phosphorylation.[@bib13] After analyzing the RNA-seq results, we found that the abnormal expression of circRNA was relative to the specific metabolic pathway ([Figure S1](#mmc1){ref-type="supplementary-material"}). In the present study, we found that the knockdown of circARHGAP10 significantly decreased glucose consumption ([Figure 3](#fig3){ref-type="fig"}B) and lactate production ([Figure 3](#fig3){ref-type="fig"}C) in both A549 and H1650 cells compared to the NC group. Moreover, qRT-PCR detection found that the expression of GLUT1 was significantly decreased in both A549 and H1650 cells after silencing circARHGAP10 ([Figure 3](#fig3){ref-type="fig"}D). Glucose provides the chief metabolic support for cancer cell survival and growth, which is primarily imported into cells by facilitated glucose transporters (GLUTs). The increase in glucose uptake along with tumor progression is due to an incremental increase in the expression of facilitative GLUTs (e.g., GLUT1).[@bib14] These findings indicate that GLUT1 plays an important role in circARHGAP10-mediated progression of NSCLC.Figure 3Knockdown of circARHGAP10 Suppresses the Proliferation of NSCLC Cells by Downregulating GLUT1(A) qRT-PCR detection of circARHGAP10 expression following transfection with siRNA against circARHGAP10 (sicircARHGAP10) or the negative control (NC). Data are presented as the mean ± SD. \*\*\*p \< 0.001 versus NC. (B and C) Both ^18^F-FDG uptake (B) and lactate production (C) were decreased in the cells after silencing circARHGAP10. (D) qRT-PCR detection results revealed that GLUT1 expression was significantly downregulated after circARHGAP10 silencing in both A549 and H1650 cells. (E and F) CCK8 assays were used to evaluate cellular proliferation in both (E) A549 and (F) H1650 cells. Data are presented as the mean ± SD. \*\*\*p \< 0.001 versus NC. (G and H) Cloning formation assay showing the level of cellular proliferation in both A549 and H1650 cells (G). The relative cloning number was calculated (H). Data are presented as the mean ± SD. \*\*\*p \< 0.001 versus NC. (I) Representative photographs of A549 tumor formation in the xenografts of nude mice. (J) Summary of the tumor volume in mice that were measured weekly. Data are presented as the mean ± SD. \*\*\*p \< 0.001 versus NC. (K) Tumor weight was measured 30 days post-injection. Data are presented as the mean ± SD. \*\*\*p \< 0.001 versus NC. (L) Immunohistochemical analysis shows the percentage of Ki-67-positive cells in the xenograft tumor tissues. (M) Immunohistochemical analysis shows the expression of GLUT1 in the tumor tissues.

The *in vitro* experiment with CCK8 ([Figures 3](#fig3){ref-type="fig"}E and 3F) and colony formation assays ([Figures 3](#fig3){ref-type="fig"}G and 3H) showed that circARHGAP10 silencing suppressed the proliferation of both A549 and H1650 cells. A circARHGAP10 knockdown stable lentiviral strain (small hairpin RNA expression vector, sh-circRNA) or sh-NC A549 cells were used for tumor formation. The xenograft results showed that circARHGAP10 knockdown suppressed tumor growth in both volume and weight compared with the NC group ([Figures 3](#fig3){ref-type="fig"}I--3K). Immunohistochemical detection with Ki67 staining revealed that circARHGAP10 silencing suppressed the expression of Ki67 in tumor tissues ([Figure 3](#fig3){ref-type="fig"}L), which suggested that the circARHGAP10 knockdown suppressed tumor growth. Immunofluorescence with GLUT1 staining revealed that circARHGAP10 silencing inhibited GLUT1 expression compared with the NC group ([Figure 3](#fig3){ref-type="fig"}M).

Knockdown of circARHGAP10 Suppressed NSCLC Metastasis {#sec2.4}
-----------------------------------------------------

To characterize the role of circARHGAP10 in the metastasis of NSCLC, A549 and H1650 cells were used for wound-healing assays and Transwell analysis. The results of the wound-healing assay showed that silencing circARHGAP10 suppressed the closure of scratch wounds ([Figures 4](#fig4){ref-type="fig"}A and 4B), suggesting that circARHGAP10 plays an important role in promoting NSCLC cell invasion. The Transwell assays also showed that circARHGAP10 silencing inhibited NSCLC cell migration ([Figures 4](#fig4){ref-type="fig"}C and 4D). An increasing number of studies have verified that the epithelial-to-mesenchymal transition (EMT) contributes to the invasion and metastasis of epithelial tumors.[@bib15] In the present study, we also found that the knockdown of circARHGAP10 promoted the expression of E-cadherin ([Figure 4](#fig4){ref-type="fig"}E) in parallel with a reduction in N-cadherin ([Figure 4](#fig4){ref-type="fig"}F) and Snail ([Figure 4](#fig4){ref-type="fig"}G) expression. These findings suggest that the downregulation of circARHGAP10 suppressed NSCLC metastasis and EMT. The ^18^F-deoxyglucose (^18^F-FDG) positron emission topography (PET)/computed tomography (CT) images show that circARHGAP10 silencing resulted in a lower standard uptake values (SUVmax) than the NC group in the xenografts of nude mice ([Figure 4](#fig4){ref-type="fig"}H). Previous studies found that high ^18^F-FDG uptake indicated a poor prognosis.[@bib16], [@bib17] This suggested that the knockdown of circARHGAP10 suppressed the metastasis of NSCLC, which was relative to glycometabolism regulation.Figure 4Knockdown of circARHGAP10 Suppresses NSCLC Metastasis(A and B) Wound-healing assays showing the effect of circARHGAP10 on the closure of scratch wounds. Data are presented as the mean ± SD. \*\*\*p \< 0.001 versus NC. (C and D) Cellular migration was assessed in both A549 and H1650 cells (C) using Transwell assays. The relative migration cells were calculated (D). Data are presented as the mean ± SD. \*\*\*p \< 0.001 versus NC. (E--G) qRT-PCR detection shows the relative expression of EMT proteins (E) E-cadherin, (F) N-cadherin, and (G) Snail. Data are presented as the mean ± SD. \*\*\*p \< 0.001 versus NC. (H) PET images showing the effects of circARHGAP10 on the metastasis of A549 cells 30 days following intravenous tail injection.

Both GLUT1 and miR-150-5p Are the Targets of circARHGAP10 {#sec2.5}
---------------------------------------------------------

To characterize the precise role of circARHGAP10 in the progression of NSCLC, a bioinformatics analysis was used to predict miR-150-5p as the downstream target of circARHGAP10. To further identify whether miR-150-5p was a possible target of circARHGAP10, a wild-type or mutated sequence containing the miR-150-5p binding sequence was used to construct a luciferase reporter vector ([Figure 5](#fig5){ref-type="fig"}A). The luciferase reporter vector was transfected into 293T cells combined with or without the miR-150-5p mimic. A luciferase reporter analysis found that miR-150-5p inhibited the luciferase activity in wild-type cells but not in mutated cell lines ([Figure 5](#fig5){ref-type="fig"}B). This suggested that miR-150-5p was the target of circARHGAP10.Figure 5Both GLUT1 and miR-150-5p Are circARHGAP10 Targets(A) A Bioedit software comparison showing the predicted binding sites, and the mutated (Mut) version of circARHGAP10 is also shown. (B) The relative luciferase activity was determined 48 h after transfection with the miR-150-5p mimic/normal control (NC) or with the circARHGAP10 wild- or Mut-type in 293T cells. Data are presented as the mean ± SD. \*\*\*p \< 0.001. (C--F) qRT-PCR detection showing the level of circARHGAP10 (A549, C; H1650, D), miR-150-5p (A549, E; H1650, F), and GLUT1 (A549, G; H1650, H) expression. Data are presented as the mean ± SD. \*\*\*p \< 0.001 versus NC. ^\#\#\#^p \< 0.001 versus sicircARHGAP10. (I and J) CCK8 assay showing that the downregulation of miR-150-5p or overexpression GLUT1 rescued the proliferation of both (I) A549 and (J) H1650 cells after silencing circARHGAP10. Data are presented as the mean ± SD. \*\*\*p \< 0.001 versus NC. ^\#\#^p \< 0.01; ^\#\#\#^p \< 0.001 versus sicircARHGAP10. (K and L) Cloning formation assays show that the downregulation of miR-150-5p or overexpression of GLUT1 rescued the proliferation of both A549 and H1650 cells after circARHGAP10 silencing (L). The relative cloning numbers were calculated (K). Data are presented as the mean ± SD. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001 versus NC. ^\#\#\#^p \< 0.001 versus sicircARHGAP10. (M and N) A Transwell assay showing that the downregulation of miR-150-5p rescued the cellular migration of both A549 and H1650 cells after circARHGAP10 silencing (M). The relative migration cells were calculated (N). Data are presented as the mean ± SD. \*\*\*p \< 0.001 versus NC. ^\#\#\#^p \< 0.001 versus sicircARHGAP10. (O--Q) Wound-healing assays show that the downregulation of miR-150-5p or overexpression of GLUT1 rescued the cellular invasion of both A549 (O and P) and H1650 (O and Q) cells following circARHGAP10 silencing. Data are presented as the mean ± SD. \*\*\*p \< 0.001 versus NC.

qRT-PCR detection showed that the circARHGAP10 knockdown suppressed circARHGAP10 expression in both A549 and H1650 cells ([Figures 5](#fig5){ref-type="fig"}C and 5D). Treatment with the miR-150-5p inhibitor or GLUT1 overexpression had no effect on the expression of circARHGAP10 ([Figures 5](#fig5){ref-type="fig"}C and 5D). qRT-PCR detection also found that circARHGAP10 silencing promoted miR-150-5p expression, suggesting that circARHGAP10 acts as a sponge in regulating the function of miR-150-5p. Treatment with the miR-150-5p inhibitor significantly suppressed miR-150-5p expression, even when circARHGAP10 was knocked down. However, the overexpression of GLUT1 had no influence on miR-150-5p expression ([Figures 5](#fig5){ref-type="fig"}E and 5F), indicating that GLUT1 was located downstream of miR-150-5p. Subsequent experiments confirmed that treatment with the miR-150-5p inhibitor rescued GLUT1 expression after a circARHGAP10 knockdown in both A549 and H1650 cells. GLUT1 expression was significantly increased following transfection with a GLUT1 overexpression vector in both A549 and H1650 cells ([Figures 5](#fig5){ref-type="fig"}G and 5H).

*In vitro* experiments involving CCK8 ([Figures 5](#fig5){ref-type="fig"}I and 5J) and a colony formation assay ([Figures 5](#fig5){ref-type="fig"}K and 5L) showed that treatment with an miR-150-5p inhibitor rescued the cell activity and proliferation after a knockdown of circARHGAP10 in both A549 and H1650 cells. In turn, GLUT1 overexpression increased the level of cellular activity and proliferation after a circARHGAP10 knockdown in both A549 and H1650 cells. A Transwell assay also showed that treatment with the miR-150-5p inhibitor reversed the effect of the circARHGAP10 knockdown and inhibited the migration of both A549 and H1650 cells. GLUT1 overexpression increased the level of cellular migration in both A549 and H1650 cells ([Figures 5](#fig5){ref-type="fig"}M and 5N). A wound-healing assay found that treatment with an miR-150-5p inhibitor reversed the circARHGAP10 knockdown-induced difficulty of scratch-wound closure ([Figures 4](#fig4){ref-type="fig"}A and 4B). GLUT1 overexpression promoted the closure of scratch wounds following circARHGAP10 silencing. These findings indicate that circARHGAP10 silencing suppressed NSCLC proliferation and metastasis by inhibiting GLUT1 and promoting miR-150-5p expression.

GLUT1 Overexpression Reversed the Inhibitory Effect of miR-150-5p on Cellular Proliferation and Metastasis *In Vitro* {#sec2.6}
---------------------------------------------------------------------------------------------------------------------

To further confirm the relationship between GLUT1 and miR-150-5p, wild-type or mutated GLUT1 3′ UTR sequences containing the miR-150-5p binding sequence were constructed into a luciferase reporter vector ([Figure 6](#fig6){ref-type="fig"}A). The luciferase reporter vector was then transfected into 293T cells combined with or without a miR-150-5p mimic. A luciferase reporter analysis found that miR-150-5p inhibited luciferase activity in wild-type cells, but not in mutated cell lines ([Figure 6](#fig6){ref-type="fig"}B), suggesting that GLUT1 was the target of miR-150-5p. In addition, miR-150-5p can suppress post-transcriptional GLUT1 expression by interacting with the 3′ UTR of GLUT1 at the mRNA level. Moreover, qRT-PCR detection revealed that miR-150-5p overexpression (transfection with a miR-150-5p mimic) significantly suppressed GLUT1 expression. However, GLUT1 overexpression had no significant influence on miR-150-5p expression ([Figures 6](#fig6){ref-type="fig"}C--6F).Figure 6GLUT1 Overexpression Reverses the Inhibitory Effect of miR-150-5p on Cellular Proliferation and Metastasis *In Vitro*(A) The predicted binding sites of miR-150-5p with the 3′ UTR of GLUT1. The mutated version of 3′-UTR-GLUT1 is also shown. (B) The relative luciferase activity was determined 48 h after transfection with miR-150-5p mimic/normal control or with the 3′-UTR-GLUT1 wild- or Mut-type in 293T cells. Data are presented as the mean ± SD. \*\*\*p \< 0.001. (C and D) qRT-PCR detection showing the expression of miR-150-5p in both (C) A549 and (D) H1650 cells. (E and F) qRT-PCR detection showing the expression of GLUT1 in both A549 (E) and H1650 (F) cells. Data are presented as the mean ± SD. \*\*\*p \< 0.001 versus NC. (G and H) CCK8 assay showing that GLUT1 overexpression rescued the proliferation of both (G) A549 and (H) H1650 cells after the upregulation of miR-150-5p. Data are presented as the mean ± SD. \*\*\*p \< 0.001 versus NC. ^\#\#\#^p \< 0.001 versus mimic. (I and J) Cloning formation assays showing that the overexpression of GLUT1 rescued the proliferation of both A549 and H1650 cells following the upregulation of miR-150-5p (I). The relative cloning numbers were calculated (J). Data are presented as the mean ± SD. \*\*\*p \< 0.001 versus NC. ^\#\#\#^p \< 0.001 versus mimic. (K--M) Wound-healing assays showing that the overexpression of GLUT1 rescued the invasion of both A549 (K and L) and H1650 (K and M) cells following the upregulation of miR-150-5p. Data are presented as the mean ± SD. \*\*\*p \< 0.001 versus NC. ^\#\#\#^p \< 0.001 versus mimic. (N--Π) Transwell assay showing that GLUT1 overexpression rescued the migration of both A549 (N and O) and H1650 (N and P) cells following the upregulation of miR-150-5p. Data are presented as the mean ± SD. \*\*\*p \< 0.001 versus NC. ^\#\#\#^p \< 0.001 versus mimic.

The *in vitro* experiments involving CCK8 ([Figures 6](#fig6){ref-type="fig"}G and 6H) and colony formation assays ([Figures 6](#fig6){ref-type="fig"}I and 6J) showed that miR-150-5p overexpression inhibited cellular activity and proliferation in both A549 and H1650 cells. GLUT1 overexpression rescued the cellular activity and proliferation following miR-150-5p overexpression in both A549 and H1650 cells. Wound-healing assays found that miR-150-5p overexpression inhibited the closure of scratch wounds, whereas GLUT1 overexpression promoted the closure of scratch wounds following miR-150-5p overexpression ([Figures 6](#fig6){ref-type="fig"}K--6M). The Transwell assays also showed that GLUT1 overexpression reversed miR-150-5p overexpression and induced the inhibition of both A549 and H1650 cell migration ([Figures 6](#fig6){ref-type="fig"}N--6P). These findings suggest that the overexpression of GLUT1 reversed the inhibitory effect of miR-150-5p on cellular proliferation and metastasis *in vitro*.

Discussion {#sec3}
==========

The role of circRNAs in carcinogenesis and cancer progression has attracted recent attention; however, the role and function of circRNAs in NSCLC remain unclear. Therefore, in the present study, we screened the differentially expressed circRNAs between human NSCLC and adjacent normal tissues using RNA-seq. The data show that the expression of circARHGAP10 was significantly increased in both NSCLC tissues and cell lines. Moreover, the high level of circARHGAP10 expression is correlated with a poorer prognosis. circRNAs are recognized as functional non-coding RNAs involved in human cancers.[@bib18], [@bib19] Several studies have found that the circRNA hsa_circ_0008305 (circPTK2) inhibits transforming growth factor β (TGF-β)-induced EMT and metastasis by controlling transcription intermediary factor 1-gamma (TIF1γ) in NSCLC.[@bib20] The circRNA F-circEA-2a derived from the EML4-ALK fusion gene promotes cellular migration and invasion in NSCLC.[@bib12] In the present study, we found that the expression of circARHGAP10 was relative to glucose metabolism regulation. The downregulation of circARHGAP10 suppressed glucose consumption and lactate production by downregulating GLUT1. We know that a high ^18^F-FDG uptake is predictive of a worse outcome in NSCLC patients.[@bib21] The metabolic state of a cell is influenced by extrinsic cellular factors, including nutrient availability and growth factor signaling. Increasing evidence indicates that the downregulation of GLUT1 will suppress the growth of different tumors, including breast cancer,[@bib22] ovarian cancer,[@bib23] liver cancer,[@bib24] and NSCLC.[@bib25] However, the regulatory mechanism by which circARHGAP10 interacts with GLUT1 to mediate the progression of NSCLC remains unclear.

In the present study, we also found that the downregulation of circARHGAP10 suppressed NSCLC proliferation and metastasis in both *in vivo* and *in vitro* experiments. A bioinformatics analysis found that miR-150-5p was the target of circARHGAP10, which was confirmed by a luciferase reporter assay. Moreover, miR-150-5p has been implicated in tumor initiation and progression in a variety of cancers. A study of colorectal cancer found that miR-150-5p suppresses tumor progression by targeting VEGFA.[@bib26] Another study found that miR-150-5p affects cellular proliferation, apoptosis, and EMT by regulating BRAFV600E mutations in papillary thyroid cancer cells.[@bib27] The expression of miR-150-5p has also been found to suppress the progression of prostate cancer[@bib28] and neck squamous cell carcinoma.[@bib29] In this study, we found that the downregulation of circARHGAP10 promoted miR-150-5p expression. In addition, the downregulation of miR-150-5p reversed the inhibitory effect of circARHGAP10 silencing on NSCLC cell proliferation and metastasis. This suggests that circARHGAP10 silencing can suppress NSCLC proliferation and metastasis by absorbing miR-150-5p, which was consistent with findings from previous studies that demonstrated that circRNA functions as a sponge for miRNA.[@bib30]

The bioinformatics analysis found that GLUT1 was the target of miR-150-5p, which was confirmed with a luciferase reporter assay. The *in vitro* study found that miR-150-5p overexpression suppressed NSCLC cell proliferation and metastasis. GLUT1 overexpression rescued NSCLC cell proliferation and metastasis following miR-150-5p upregulation, because heterologous GLUT1 has no 3′ UTR. Therefore, miR-150-5p cannot interact with the 3′ UTR of GLUT1 and silence it at the mRNA level.

Conclusions {#sec3.1}
-----------

In summary, our study first revealed that circARHGAP10 is increased in both NSCLC patient and cell lines, and this upregulation may be associated with aggressive NSCLC phenotypes. Additionally, circARHGAP10 silencing suppressed NSCLC proliferation and metastasis in both *in vitro* and *in vivo* experiments. We also found that the downregulation of circARHGAP10 suppressed the proliferation and migration in NSCLC by targeting the miR-150-5p/GLUT1 axis. In conclusion, we identified circARHGAP10 as a promising therapeutic target in NSCLC; therefore, further investigation of the circARHGAP10/miR-150-5p/GLUT1 axis may provide a foundation for developing novel potential therapeutic strategies for NSCLC.

Materials and Methods {#sec4}
=====================

Tissue Samples {#sec4.1}
--------------

A total of 92 fresh NSCLC tissues and paired adjacent noncancerous lung tissues were collected after obtaining informed consent from patients at Renji Hospital of Shanghai Jiaotong University, Shanghai, China. Histological and pathological diagnostics for NSCLC patients were evaluated based on the Revised International System for Staging Lung Cancer. Patients received neither chemotherapy nor radiotherapy before tissue sampling ([Table 1](#tbl1){ref-type="table"}). The samples were snap-frozen in liquid nitrogen and stored at −80°C prior to RNA extraction. This study was approved by the Ethics Committee of Renji Hospital of Shanghai Jiaotong University.

Strand-Specific RNA-Seq Library Construction and High-Throughput RNA-Seq {#sec4.2}
------------------------------------------------------------------------

Total RNA was extracted from three paired NSCLC tissues and paired adjacent noncancerous lung tissues using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA). Approximately 3 μg total RNA from each sample was subjected to the VAHTS Total RNA-seq (H/M/R) Library Prep Kit for Illumina (Vazyme Biotech, Nanjing, China) to remove rRNA while retaining other types of RNA, including mRNA and non-coding RNA (ncRNA). Purified RNA was treated with RNase R (Epicenter, 40 U, 37°C for 3 h), followed by purification with TRIzol. RNA-seq libraries were prepared using the KAPA Stranded RNA-Seq Library Prep Kit (Roche, Basel, Switzerland) and subjected to deep sequencing with an Illumina HiSeq 4000 (Aksomics, H1712024, Shanghai, China).

Cell Lines and Cell Culture {#sec4.3}
---------------------------

Human lung normal epithelial BEAS-2B cells; NSCLC A549, H1299, PC9, H1975 cells; and H1650 cell lines from the Cell Bank of Chinese Academy of Sciences were cultured in DMEM (Life Technologies, Carlsbad, CA, USA) supplemented with 100 IU/mL penicillin, 100 μg/mL streptomycin, and 10% fetal bovine serum (FBS; Invitrogen, Carlsbad, CA, USA) at 37°C in a humidified atmosphere with 5% CO~2~.

FISH {#sec4.4}
----

Specific probes to hsa_circ_0008975 (circARHGAP10) (Dig-5′-AAACGGAGCAGGCCCGATCAGCAGCTTC-3′-Dig) and biotin-labeled probes against miR-155-5p (Bio-5′-CACTCCTACAAGGGTTGGGAGA-3′-Bio) were prepared (Geneseed Biotech, Guangzhou, China). The signals were detected by Cy3-conjugated anti-digoxin and fluorescein isothiocyanate (FITC)-conjugated anti-biotin antibodies (Jackson ImmunoResearch Laboratories, West Grove, PA, USA). Cell nuclei were counterstained with DAPI. Finally, images were obtained on a Zeiss LSM 700 confocal microscope (Carl Zeiss, Oberkochen, Germany).

Bioinformatics Analysis {#sec4.5}
-----------------------

The circRNA/miRNA target gene was predicted using the Circular RNA Interactome website at <https://circinteractome.nia.nih.gov/>. The interactive relationship between miR-155-5p and GLUT-1 was predicted using the TargetScan website at <http://www.targetscan.org/>. The relationship between ARHGAP10 and the prognoses in NSCLC patients was predicted using the GEPIA (Gene Expression Profiling Interactive Analysis) website at <http://gepia.cancer-pku.cn/>.

Total RNA Isolation and qRT-PCR {#sec4.6}
-------------------------------

Total RNA was isolated from the tumor tissues or cells using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) following the manufacturer's protocol. The purity and concentration of the RNA samples were examined spectrophotometrically by measuring the absorbance at 260 nm, 280 nm, and 230 nm using the NanoDrop ND-1000 (Thermo Fisher Scientific, Wilmington, DE, USA). Specifically, optical density (OD)260/OD280 ratios between 1.8 and 2.1 were deemed acceptable, and OD260/OD230 ratios greater than 1.8 were deemed acceptable.

RNA (1 μg) was reverse transcribed into cDNA using SuperScript II Reverse Transcriptase (Invitrogen, Thermo Fisher Scientific). Then qRT-PCR was performed using an AB7300 thermo-recycler (Applied Biosystems, Carlsbad, CA, USA) with primers (primers specific for circRNA, miR-150-5p, and GLUT1 were obtained from GenePharma, Shanghai, China) and the TaqMan Universal PCR Master Mix. *GAPDH* was used as the reference gene for circRNA and mRNA. U6 was used as an internal control for the level of miRNA expression. Gene expression was quantified using the 2^−ΔΔCt^ method as previously described.[@bib31] The primers used to assay *hsa_circ_0008975* expression were: forward, 5′-TCTTTTTGAAAGAATGTACCAAGAG-3′; and reverse, 5′-GGGATCATGTTGAACTTCTTTG-3′. The *hsa_circ_0001421* primers were: forward, 5′-TCTCTGGAGTTCTGATTGCAGGTGG-3′; and reverse, 5′-TGCTAGGTAAATGGGGTGATTCTGG-3′. The *hsa_circ_000813*3 primers were: forward, 5′-AATGGTCCAACAGACAGTTATGCAG-3′; and reverse, 5′-ATTACTCCATCAACAGCATCAAGGG-3′. The *hsa_circ_000004*2 primers were: forward, 5′-AGGATCCAAATTTCGATACAGTGGC-3′; and reverse, 5′-ATTTCTTAGCTGCTCGGTAACTGGG-3′. The *hsa_circ_000508*2 primers were: forward, 5′-CACCGCAAAACCTGCAGCCGGAGAG-3′; and reverse, 5′-GGTCCAGTGGCTTCTGGGGTGAGGC-3′. The *miR-150-5p* primers were: forward, 5′-ACACTCCAGCTGGGTCTCCCAACCCTTGTA-3′; and reverse, 5′-CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGCACTGGTA-3′. The *GLUT1* primers were: forward, 5′-TTATTGCCCAGGTGTTCGGC-3′; and reverse, 5′-GTAGCAGGGCTGGGATGAAG-3′. The *U6* primers were: forward, 5′-CTCGCTTCGGCAGCACA-3′; and reverse, 5′-AACGCTTCACGAATTTGCGT-3′. The *GAPDH* primers were: forward, 5′-GCACCGTCAAGGCTGAGAAC-3′; and reverse, 5′-GGATCTCGCTCCTGGAAGATG-3′.

RNAi or Overexpression {#sec4.7}
----------------------

The miR-150-5p inhibitors, miR-150-5p mimics, and siRNA against circARHGAP10 were purchased from GenePharma (Shanghai, China). The transfection was performed in accordance with the supplier's protocol. Briefly, the cells were transferred to six-well culture plates and transfected using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) as described earlier. To induce GLUT1 overexpression, a pCDNA3.0 vector was transfected as described earlier. For xenograft experiments, lentiviral-mediated circARHGAP10 silencing (sh-circARHGAP10) was induced in A549 cells.

Measurements of ^18^F-FDG Uptake and Lactate Production {#sec4.8}
-------------------------------------------------------

Sugar intake in this study was performed as described in our previous study.[@bib32] Briefly, A549 or H1650 cells were transfected with or without sicircARHGAP10 in 12-well plates. Approximately 48 h after transfection, the cells were collected and washed with PBS, and the collected cells were then incubated in 1 mL glucose-free DMEM containing ^18^F-FDG (148 kBq \[4 μCi/mL\]) for 1 h at 37°C. A total of 1 mL 0.1 M NaOH was used to produce cell lysates. A well γ-counter was used to detect the level of lysate radioactivity. At the end of the experiments, the readouts were normalized to the corresponding amount of protein. Three independent experiments were performed during our study.

To measure the level of lactate production, the cells were transfected with the indicated plasmids in 12-well plates for 36 h. The cells were washed with PBS and cultured in serum-free DMEM for another 12 h. The cellular supernatants were collected to measure the level of lactate according to the instructions of the Lactate Assay Kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Data were normalized to the total protein, and three independent experiments were performed during our study.

Dual-Luciferase Reporter Assay {#sec4.9}
------------------------------

The miR-150-5p binding site containing a sequence of circARHGAP10 and the 3′-UTR-GLUT1, termed circARHGAP10-Wild-type, circARHGAP10-Mut, GLUT1-Wild-type, and GLUT1-Mut were inserted into the KpnI and HindIII sites of the pGL3 promoter vector (Realgene, Nanjing, China) in a dual-luciferase reporter assay. First, the cells were plated into 24-well plates. 80 ng plasmid, 5 ng Renilla luciferase vector pRL-SV40, 50 nM miR-150-5p mimics, and NC were transfected into cells by applying Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). The cells were collected and measured following the manufacturer's instructions using the Dual-Luciferase Assay (Promega, Madison, WI, USA) after transfection for 48 h. All experiments were independently repeated three times.

Wound-Healing Assay {#sec4.10}
-------------------

A549 or H1650 cells transfected with the corresponding vectors were seeded into six-well plates to form a single confluent cell layer. Wounds were generated with 100 μL tips in the confluent cell layer. At 0 h and 24 h after wound scratching, the width of the wound was photographed using a phase contrast microscope.

Cell Proliferation Assay {#sec4.11}
------------------------

A Cell Counting Kit-8 (CCK8) assay was used to detect cellular proliferation. The transfected cells were seeded into 96-well plates at a density of 5,000 cells per well in triplicate wells. Cell viability was measured using the CCK8 system (GIBCO) at 0, 24, 48, 72, and 96 h after seeding, according to the manufacturer's instructions.

For the colony formation assay, transfected cells were seeded into six-well plates at a density of 2,000 cells per well and maintained in DMEM containing 10% FBS for 10 days. The colonies were imaged and counted after they were fixed and stained.

Transwell Migration Assay {#sec4.12}
-------------------------

Cell migration was analyzed using Transwell chambers (Corning, New York, NY, USA) in accordance with the manufacturer's protocol. After incubation for 24 h, the cells on the upper surfaces of the Transwell chambers were removed using cotton swabs, and the cells located on the lower surfaces were fixed with methanol for 10 min, followed by crystal violet staining. The stained cells were photographed and counted in five randomly selected fields.

Animal Studies {#sec4.13}
--------------

To examine the role of circARHGAP10 in a lung model of metastasis, 1 × 10^6^ stable lentiviral-mediated circARHGAP10-silenced sh-circRNA or sh-NC A549 cells were intravenously injected into male nude mice through the tail vein (Chinese Science Academy, Shanghai, China) for a month. After another month, lung metastasis was measured and quantified with *in vivo* bioluminescent imaging using the IVIS Lumina Series III (PerkinElmer, New York, NY, USA).

For xenograft assays, 1 × 10^6^ educated A549 or control cells were injected subcutaneously into the right side of each male nude mouse (Chinese Science Academy). The size of the tumors (length × width^2^ × 0.5) were measured at the indicated time points, and tumors were obtained 4 weeks after injection.

Immunohistochemistry and Immunofluorescence {#sec4.14}
-------------------------------------------

Tumor tissue samples were fixed in a 10% formalin solution and embedded in paraffin. Sections (5 μm thick) were stained with Ki67 and GLUT1 to evaluate proliferation and GLUT1 expression. Sections were examined using an Axiophot light microscope (Zeiss, Oberkochen, Germany) or Olympus FluoView FV1000 confocal microscope (Olympus, London, England) and photographed with a digital camera.

Statistical Analysis {#sec4.15}
--------------------

The differences between two groups were assessed using paired or unpaired t tests (two-tailed). A Pearson's correlation test was used to determine the association between two groups. Results were presented as the mean ± SEM. The p values \< 0.05 were considered significant. Statistical analyses were performed using GraphPad Prism 5.02 software (GraphPad, San Diego, CA, USA).
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[^1]: All p values were not statistically different.
